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This final technical report documents the research
efforts in the numerical s!‘mulations of tropical weather
systems carried out under the auspices of ONR Contract
NOOO014-82-C-2306, for the Atmospheric Physics Branch,
Space Science Division, of the Naval Research Laboratory
(NRL).

Our research efforts mainly concentrate in two major
study areas: the interactions between‘two tropical
cyclones and the construction of an axisymmetric ocean
model. The research in both of these areas has been
completed and reported in two articles. A paper entitled
"A Numerical Study of the Interactions Between Two
Tropical Cyclones™ was accepted by the Monthly HNeather
Review and is to be published in the 1983 September issue.
The draft of a second article on the ocean model has been
completed. Both articles are included as Appendices in
this final report. We have also attached a listing of the
computer code of the ocean model, which is also stored in
and accessible from the TI-ASC of NRL. Here, a brief
summary of the study result will be given.

The interactions between atmospheric vortex pairs are
simulated and studied with a nondivergent barotropic model
and a three-dimensional tropical cyclone model (NRL/SAI
mesoscale model). Numerical experiments with nondivergent
barotropic vortex pairs show that the relative movements

of the vortices are sensitive to the separation distance
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and the characteristics of the swirling wind of the
vortex. No observed mutual attraction is found in any of
. the nondivergent, barotropic vortex pairs tested.

Results from the 3D NRL/SAI tropical cyclone model
show that on a constant-f plane with no mean wind, the
| ® movements of the two interacting tropical cyclones consist

of a mutual cyclonie rotation, attraction, and eventual
merging, in agreement with Fujiwhara's description. The
.. displacement of one interacting storm in the mutual
rotation is proportional to the combined strength of the
binary system, but inversly proportional to the size 9f
® the storm and to the square of the separation distance.
The rate of mérging is related to the development of a
mean secondary circulation on the radial-vertical plane,
® and is quite independent of the strength of the two
tropical cyclones.
The latitudinal variation of the Coroilis parameter
® adds a northwest beta drift to the trajectories.
Depending on their relative strength and location, the
beta drift can either speed up the merging process or
PY separate the two interacting tropical cyclones.
The axisymmetric ocean model consists of primitive
equations for the conservation of momenta in three spatial

- dimensions and the buoyancy. A Boussineq assumption is

|
made so that the background stratification is kept
constant, the horizontal and vertical diffusion is of the .
Fickian type. ]
Y yp q
3
2 N
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A leapfrog temporal integration is employed. The
grid is fully staggered as Arakawa C type. The system is
non-hydrostatic, the resultant elliptic equation for the
pressure is solved by a stablized error vector propagation
technique. The basic equations, the finite differencing
form, and boundary conditions are discussed in detail in

the attached Appendix.




TRTRTRINTA YA, AR L ad

AR TR TR TR AT L AT A TR R LTS TR AT R J

A_PPENDIX I
A NUMERICAL STUDY OF THE INTERACTIONS BETWEEN
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\ ABSTRACT :
The interactions between atmospheric vortex pairs are simulated and
studied with a nondivergent barotropic model and a three-dimensional tropical

cyclone model.

. Numerical experiments with nondivergent barotropic vortex pairs show ;
that the relative movements of the vortices are semsitive to the separation i
distance ;nd the characteristics of the swirling wind of the vortex. No
mutual attraction is found in any of the nondivergent, barotropic vortex pairs
tested,

Results:from the 3D tropical cyclone model show that on a constant-f
plane with no mean wind, the movements of the two interacting tropical cyclones
coqsist.of a mutual cyclonic rotation, attraction, and eventual merging, in
agreement with Fujiwhara'a description. The displacement of one interacting
storm in the mutual rotation is proportional to the combined strength of the
binary system, but inversly proportional to the size of the storm and to the
square of the separation distance. The rate of merging is related to the . bt
development of a mean secondary circulation on the radial-vertical plane, and
is quite independent of the strength of the two tropical cyclones. S

The latitudinal variation of the Coriolis parameter adds a northwest
beta drift to the trajectories. Depending on their relative strength and
location, the beta drift either speeds up the merging process or separates

the two interacting tropical cyclones. =)




1. INTRODUCTION
When two tropical cyclones are present simultaneously in the same

region, it is often observed that they rotate around each other with decreasing

separation between them in the absence of large scale wind flow (Fig. 1). The
phenomenon was made well-known by Fujivhara (1921), and is therefore referred to

as the Fujivhara effect. By laboratory experiment and geophysical observation,
Fujiwhara (1923, 1931) demonstrated that the relative motion of two counterclock-
wise vortices was a counterclockwise rotation. Haurwitz (1951) examined several
tropical cyclone pairs by introducing the concept of center of mass around which
the two tropical cyclones rotate about each other. By approximating the circu-
lation around a tropical cyclone with that of a Rankine vortex, Haurwitz (1951)
derived a relationship between the rotation rate and the sum of the total mass
circulation of the two tropical cyclones. Many discrepancies were found when

he applied the relationship to observations. Haurwitz attributed the discrepan-
cles é; the influence of large scale flow and lack of data, which led to deficiency
in analyses.

Hoover (19615 studied binary tropical cyclones in both the Atlantic and
Western Pacific Oceans. He found that the interaction between tropical cyclone
pairs in the Western Pacific Ocean agrees with Fujiwhara's description while
those pairs in the Atlantic Ocean rotated in an anticyclonic sense. He
suggested that the different large scale atmospheric flow patterns in the
two basins may have caused the binary systems to behave differently. The in~-
fluence of the large scale flow was also noted by Liu and Wang (1966). They

found that two interacting tropical cyclones in the Western Pacific are not

always attracted to each other when there are strong shears in the eanvironmental

f
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'ﬁ flow. Recently, Dong and Neumann (1982)1 found that storm pairs exhibiting
:ﬁ beﬁavior most in accordance with Fujiwhara's description were located in
g o the Intertropical Convergence Zone where horizontal shears in large scale
‘ﬁ flow are negligible, They suggest that the effects of environmental flows
: be filtered before the real Fujiwhara effects can be determined. But to define
® and remove the large scale flows from observational data is difficult to
:j accompliqh.
'; Over the 35 year period 1946-1981, storm pairs known to have interactions
h ® averaged 1.5 annually in Western North Pacific and 0.33 annually in the Atlantic
E (Dong and Neumann, 1982). The presence of binary interacting has been noted to
:é have contributed to forecast errors of tropical cyclone tracks (Brand, 1970;
lo Jarrell et. al.; 1978; Neumann, 1982). Forecasting as well as analyzing a
{ single tropical cyclone is often hindered by the paucity of observational data
p in the tropical cyclone basin (Neumann, 1982); the presence of two storms in
@  close proximity can further compound the difficulties.
.f The purpose of our study is to investigate the interactions between two
. tropical cyclones by numerical simulaCions. Be;ause the spatial resolutions of
: @ the models are better than the current observational network, and because nu-
? merical models can be controlled to produce "clean” results void of undesirable
4 factors, analyzing realistic numerical simulations can sometimes result in a
- ® better isolation and understanding of the phenomenon than can be acheived from
3 an observational approach. In this paper we will first determine the role of
g vorticity advection between the two vortices. For this purpose, a nondivergent,
® barotropic model is introduced to test two types of vortex pairs with different

~;‘.—-

1Dong, K. and C. J. Neumann, 1982: On the relative motion of binary tropical
e eyclones., Regional Scientific Conference on Tropical Meteorology, Tsukuba
\ Ibaraki, Japan, Oct. 1982.
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swirling winds. These barotropic tests will be presented in Section 2.
In Section 3, three-dimensional simulations of the interactions between two
diabatically driven tropical cyclones on a constant-f plane and with variable

f will be discussed. Our findings will be summarized in Section 4.

2. INTERACTIONS BETWEEN NONDIVERGENT, BAROTROPIC VORTEX PAIRS

In this section, we investigate the interactions between nondivergent
barotropic vortex pairs. Through the interactions of such vortex pairs, we can
determine the contribution of horizontal advection of vorticity, because in
such a system advection is the only mechanism for interaction. A description
of the nondiv;rgent, barotropic model will be presented first, and the experi-

mental design and the results will then be discussed.

a. Nondivergent Barotropic Model

The simple non-divergent, barotropic model can be described as

9 2 2 : :
— VY =Yy . (VY + ), and w
9t ' y
where £ is thé Cofioli:shpma‘rameter, Y is the stream function, VY is the :;
nondivergent wind, and K is a vertically pointing unit vector. The bound- B

2
ary conditions for (1) and (2) are Neumann, i.e., V ¥ = 0 at boundaries.
The model has 51 x 51 grid points with a uniform horizontal resolution of

50 km. The relevant elliptic equation

Ve=z (3
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where the relative vorticity is defined by

R

ceRe YW, @

is solved by a stabilized error vector propagation method (Madala, 1978).

A A K YL

s ® b. Experimental Design

; The major application of the nondivergent barotropic model is to determine

]

% the effects of separation distance and the radial distribution of tangential

. ® winds on the interaction of the two vortices. Two kinds of wind distributions

% were tested. The first kind (type A) of vortex is defined by its cyclonic

¥ .

f swirl wind v, as function of radius r from the vortex center

e B o £ B m—

§ e Ar (1 -sin —), O0<r <r ’

% . . - - 0 ;

¥ = T ¢

% vo =

Y : (5)

¥ ' 0, otherwise ’ e e
o L e -

vhere constant A = 4 x 1074 §71 and I, = 400 km, Equation (5) yields a

maximum swirl of v26 m s~ at r = 150 km and a maximum vorticity

| @ T=7.2x 104 g~! at r = 0. We note that there is a cutoff of v, at r .
2 The second kind of vortex (type B) is defined as {
X . e )

——— e - 4

" :2 © ‘
: v = Br exp (- —) J

L J : Yo ' £2
i <

wvhere the e-folding- distance T, is 150 km. By letting the constant .

% .
: B=3,6x 10-4 s'l, (6) yields a vortex with similar strength as that described by
y .

® (5) with maximum swirl of 29 m s”! and a maximum £ = 7 x 1074 s~1. Type B vortex

differs from Type A in that there is no cutoff of swirl. Fig. 2 compares the radial

distributions of relative vorticities described by (5) and (6).

...........................
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Four initial separation distances (300, 400, 600, and 1000 km) have

been tested for each type of vortex pairs. All intergrations with the baro-

tropic model are performed with constant £ = 4,37 x 10'5 s-'1

¢. Results

AFig. 3 shows the trajectories of storm pairs having two types of swirl
wind at four separation distances. It is very clear from Fig. 3 that the
smaller tﬁe separation distance the faster the mutual transport. For in-
stance, at a separation distance of 1000 km, neither type A vortex pair (with
swirl cutoff at r = 300 km) nor type B vortex pair can induce mutual motion.

But at a separation distance of 400 km, they move at a speed of 400 km day'l.
It is also evident that the mutually-induced motions of type A and type B
vortices are very different, in spite of the values of constants for A and B
which were chosen to give vortices of similar strength. Furthermore, the
trajectories of type A vortex pairs are more anticyclonic. This may be a
result of the fact that type B vortices have positive vorticities at r < 200 km
whereas the vorticities of type A vortices change sign at r = 150 km (Fig. 2).
Only vortex pairs at small separation distances rotate in a cyclonic fashion
because they interact with positive shears. The motion of vortices in our
model can only be caused by the advection of vorticity, the shear in one vortex
can very much determine the movement of the other. These results indicate that
the mutual motion of two interacting nondivergent, barotropic vortex pair are
quite sensitive to the charateristics of the swirl winds.
'In all the experiments illustrated in Fig. 3 the storm pairs drift apart,

there is no mutual attraction as observed in some interacting typhoons. This

suggests that the observed mutual attraction in typhoon pairs may be due to




the divergence and/or convergence that is not included in the barotropic

model. Indeed, complicated diabatic processes in tropical cyclone such as
long wave radiation, surface boundary layer effects and moist convection
generate convergent flow in lower troposphere and divergent flow in upper
troposphere. The irrotational component of the vortex circulation may be
responsible for the occurrence of the observed cyclonic rotation and mutual

attraction.

3. INTERACTIONS BETWEEN TROPICAL CYCLONE PAIRS

We have seen that nondivergent pairs do not cause a mutual motion
similar to tﬂe description of Fujiwhara. The observed Fujiwhara effects
may be due to dynamics that can only be resolved by a more complete model.
To see that, we will simulate the interactions between two diabatically

driven tropical cyclones with a three-dimensional model.

a. Three-~dimensional Tropical Cveclone Model

The baroclinic model is identical to the one in Chang and Madala (1980)
and Chang (1982), except for parameterization of the latent heating. The
governing equations are in surface-pressure-weighted flux form for conser-
vation of momentum, temperature and water vapor, The normalized pressure
o= p/ps is the vertical coordinate, where Py is the surface pressure. The
system is assumed hydrostatic. The bulk boundary layer parameterization is
based on a generalized similarity theory (Chang, 19815. The model has
51 x 51 horizontal grid points with seven sigma layers in the vertical. The
horizontal resolution if %° in both the latitudinal and longtitudinal directioms.
The east-west boundaries are cyclic. The boundary conditions at the north and

south boundaries are such that the second derivatives of thermodynamic variables
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normal to the boundaries vanish. In addition, diffusion coefficients are

increased near the north and south boundaries to damp numerical noise there.
PY Kuo's parameterization was used in Chang and Madala (1980) and Chang
(1982), but a prescribed heating is applied in this model as done by Anthes

(1971) in a axisymmetric model. The heating rate here is defined as

o : : nr ’ T -

. Qo co.s(zT) Sin['lr(o-o,l):,, for r_§ R, 0.1 < ¢ <0.9
a(r,0) = Sl ¢
»0) - ' 7)
S 10, otherwise
° ) -

where r is the distance between a grid point and the low pressure center,
and R = 300 km is the limit of the heating function. Two values of {,, 100 Kday~
and 200 K day‘l, have been used in various numerical experiments to define the
wveak and strong tropical cyclonmes, respectively. The vertical and horizontal
distributions of the heating pattern described in (7) are illustrated in Figs. 4
and 5. The vertical heating distribution is similar to that of the differences
between temperatures in convective clouds (T.) and the environment (T) in a
mean hurricane season sounding for the Gulf of Mexico as computed by a one-
dimensional cloud model (Anthes, 1977, Fig 4a). The horizontal heating dis-
tribution agrees with the mean rainfall rate inferred from satellite observa-
tion in a typhoon (Adler and Rogers, 1977), except for the observed smooth
fall-off at r > 300 km. No effort is attempted to simulate the eye because
of the model horizontal resolution.

The heating préscribed by (7) nevertheless generates realistic circu~
lations for tropical cyclones. Figure 6 shows the radial distribution of
the quasi-steady wind speeds at the sixth (0 = 0.85) and seventh (G = 0.965)
model layers after 24 h of heating with Qo = 200 K day'l. The wind speeds

have a peak at r = 1° and decrease gradually outward without discontinuity
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at r = R = 300 km,

We note however that by using the prescribed heating in (7) the effects
of the interaction between the two cyclones on the scale of the cumulus con-
vection cannot be adequately simulated. In reality the momentum field in
each storm, which affects the cumulus convection; can be modified by the
proximity of another storm. A change in the cumulus convection in each storm
may alter the storm's intensities, which can in turn affect the interaction
between the two tropical cyclones. But these feedbacks may be secondary and
are only important when the separation of the two storms is small. As a pre-
liminary study, the more economical, prescribed heating is used to investigate

the first order effects in the interaction.

b.- erimental Design

The tropical cyclone pairs in all numerical experiments (Table 1) with
the 3D model are dynamically initialized by a 24h stationary heating at two
locations, i.e., by applying (7) at two fixed grid points for 24h. Dong and
Neumann (1982) found that in real cases when the separation distances are less
than 11 degree of latitude, cyclonic rotation predominates. Therefofe, the
two fixed grid points for the stationary heating are set ten degree longitude apart
in all experiments to ensure the occurrence of interaction. After the dynamic
initialization period, the heating patterns are allowed to follow the low
pressure centers. In Exps. 1-3 we simulate the Fujiwhara effects in zero
large scale winds on a constant-f plane for strong-strong (Exp. 1) weak-weak
(Exp. 2) andrétrong~weak (Exp. 3) storm pairs. Exp. 1 and 3 are repeated in

Exp., 5 and 6 on a real variation of £. There is only one single tropical

cyclone in Exp. 4 to help isolate the effect of the beta-drift. Unlike on a

.
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constant-f plane where geophysical orientation is not meaningful, the inter-

actions with real f for a weak (west)-strong (east) pair and strong (west)-
weak (east) pair are quite different, as we shall see later, thus Exp. 7 is con~

ducted to study the latter situation.

¢. Results on a Constant-f Plane

Fig. 7 shows the surface pressure field at 24, 48, 72, and 96h for Exp. 1.
The southward displacément of storm A (west) and the northward displacement of
storm B (east) at 24h indicate that their interaction has already caused the two storms
to begin to rotate cyclonically in spite of the stationary heating. The merging
of the two storms progresses with the merging of the outer isobﬁfs as observed
(Fig. 1). By 96h, only the 996 mb isobars show two separate low pressure centers.
The pressure at the center point of the model decreases by 10 mb while the approaching
of the two initiais low pressure centers between 24-96h can only account for a
pressure decrease of 2 mb. This indicates that the mutual rotation and merging
involve dynamics more complicated than merely advective processes.

Exp. 1-3 are integrated with a constant £. Therefore the orientation has

little meaning and the results are independent of the absolute initial positions

of the storms. Fig. 8 shows the trajectories of the storm centers in Exp. 1,
in which two strong modél tropical cyclones are of the same strength. The
trajectories show that the two storms rotate about each other in a cyclonic
fashion before the coalescence at 102h. The two trajectories are symmetric
about the center of mass, which coincides with the center of the model domain.

Superimposed on the symmetric rotation is a convergence of the two tropical

cyclones. The distance between the two storms decreases from 1024 Ym at

24h to 612 km at 96h. The symmetry remains until 102h when the two heating




patterns overlap and one single large area of low pressure is formed.

Exp. 2 is identical to Exp. 1 except that the heating rate is reduced
by one half. The cyclonic trajectories (Fig. 9) are still remarkably symmetric
about the center of mass. Because of the weaker heating, two identificable
centers still exist at 120h when they are only 100 km apart. We note again
that at small separation distances feedbacks between cumulus convection and
the strom pair's interaction have been masked by the prescribed heating in
our model.

The speeds at which the two tropical cyclonés in Exp. 1 and 2 rotate
around and approach each other are shown in Fig. 10. The tangential velocity

1

of the cyclonic rotation in Exp. 1 increases from "3 m 8 = at 24~36h to well

over 6 m s~1

after 72h as the separation between the two tropical cyclones
becomes small. The rotation speeds in Exp. 2 are about 1 m s™1 slower than
those in Exp. 1. However, the rate of convergence seems quite independent of
the combined strength as indicated by the radial velocities in Fig.10. The
faster rotations between stronger pairs are evident observationally at small
separation distances (Dong and Neumann, 1982). At larger separation distaﬁces,
this relationship is not clear because the observational data contains environ-
mental influences.
Fig. 11 shows the trajectories of the two storm center in Exp. 3, in

which the maximum heating rate is storm A is only half that of storm B. We

see that the two storms still rotate about each other cyclonically and that they
still move toward each other. However, the trajectories are asymmetric and

the weaker storm A moves much faster than the stronger storm B in a way similar

to that of a binary celestiazl system in which the two bodies have different masses.

The "mass" of a vortex is perhaps best expressed as the product of its mean

11




angular velocity and the square of an effective radius (I)RZ. We will discuss

this further later. This type of interaction between storms of different in-

® tensities has been observed between Typhoons Flossie and Grace in 1950 (Liu 54
and Wang, 1966). Instead of being statiomary, the center of rotation moved :
within a small area defined by the lines connecting the two storm centers at

| different times as in Fig. 10. ;’

Results in Exps. 1-3 demonstrate that on an f-plane with no large scale 1

wind, interactions between two tropical cyclones cause the two storms to ro-

® tate cyclonically, to attract each other and to coalesce eventually. i
In o;der to examine the momentumfields associated with the interaction -_?:'

ve transform the model 500 mb wind fields in Exp. 1 onto a polar grid with

@ respect to the center of the model domain. We now define the azimuthal mean "

velocity as

T b,

o -
® S .;E-.(G,,;e';;).ij -
' a . o 2n r e vz) a8 " (8)
4 0 o
where vr, ve, vz are radial, tangential and vertical velocities on the polar
® grid, and 6 is the azimuthal angle. Fig. 12 shows the mean vertical (upper),
tangential (middle), and radial (lower) velocities for Exp. 1 at 24, 48, 72,
and 96h. It is interesting that the mean momentum fields relative to the center
9 of domain shown here are similar to those in weak but intensifying tropical L
disturbances (Hawkins and Rubsam, 1968). For example, at 24h there is a max~ .
imum mean tangential velocity of Vi m s~! at r 600 kn and a minimm of
] 2 m s~! at r 400 km, reflecting the cyclonic wind fields about the two 5
storm centers. The maximum tangential velocity gradually increases to V16 m s~1 .__
and moves toward the center to a radius 350 km at 96h. The maximum inflow also ‘
o -
12 -
L i
~

...................................
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develops from 2 m s~! at r “600 km at 24h to 4 m s~! at r A350 km at 96h.
The evolution of the mean vertical velocity includes the increasing magni-
tude and contracting radii of maximum upward motion. The development of the
mean circulation is accompanied with the pressure decrease of 10 mb at the

domain midpoint from 24-96h, as discussed before.

The development of the azimuthal mean circulation can also be illus-
trated by comparing the kinetic energy (KE) of the mean velocity (KEM) and

the KE of the eddy velocity (KEE), where

1000 km’ Lo -
KEM = I‘s (ve» VG) ° (Vr. ve) rdrd? (9)
0
1000 km -
‘ » - - - » .
KEE .J'Ig (vr, ve) ‘vr, ve) rdrd& 4 (l?)
and (v, Vvp) - Vps v) - v, Vo) S an ,

o B TR
- ——

As shown by Fig. 13, the KEE, which can mostly be attributed to the circu-~
lations around the two centers, reaches a quasi-steady state after 36h. Mean-
wh:ll.e the KEM, representing the strength of the mean circulation as depicted
in Fig. 10 around the center of rotation, steadily increases until the coales-
cence of the two tropical cyclones. The ratio KEE/KEM decreases from A3 at
24h to less than 1 at 96h.

These analyses suggest that a mean circulation relative to the center of

rotation develops due to the interaction of two tropical cyclones. This mean
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circulation includes tangential, radial and vertical components resembling
those associated with tropical cyclones. It is therefore not surprising that
the trajectories of the two interacting storms are similar to the trajectories
in the hurricane boundary layer (e.g. Anthes 1982, Fig. 4.6). Compared with
the nondivergent, barotropic experiments in Section 2, it seems that the diabatic
heatiﬁg in two storms plays a cruical role for the merging of the two storms.

In additional numerical experiments, the surface friction was suppressed
to test the frictional effects in the interaction. Results from these experiments
were nearly identical to those presented for Exps. 1-3. We also halved the coef-
ficients for the internal ‘dissipation. For the same ‘given heating rates, the
interactions are nearly the same except for faster rotation rates, because the
model cyclones were stronger with less internal friction. Therefore, neither sur-

face nor internal friction seem to be criticidl processes in the interactions.

d. elation of Mut ti £ the stem

The results presented so far indicate generally that the rate of the
mutual cyclonic rotation depends on the strength of the binary system and the
separation distance of the two interacting storms. Perhaps by relating some
extent parameters through laws governing solid body rotation, a simple description
of the numerical results is attainable.

We now consider the rotation of the binary storms is similar to that of

a dumbbell. The equation of motion for rotation states that the torque T acting
on the binary system is equal to the product of the rotational inertia of the

system I and the angular acceleration & with respect to the axis of rotation, i.e.

T= 1o (12)

If we let R be an effective radius of the storm and H be the scale height, the

14
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mass of one storm can be approximated by poszu. Because the radius of

the ﬁutual rotation is about L/2, the rotational inertia
e =2 2
<+
1 «p, (RA RB)HL (13)

where p° is a reference density and subscript A and B are pertinent for storms
A ané B, respectively.

The torque is equal to the cross product of a force and radius of rotation.
The force involved in the interaction can be approximated by the advection, then
it caq §e scaled by Po izlL, where i is the velocity of the mean circulation
defined by (8). Because the mean circulation depends on the combined *
strength of the two interactingcyclones, therefore § ¢=;A + ;B’ where ;A and ;B
are the mean wind speed within thg effective radius gA and iB’ respectively.

Thus, the torque is proportional to

T <Ll p (ii + i%) G, + GB)Z -1 (14)

We note that the torque contains the dimension of the kinetic energy of the
two storms, which is ultimately related to the applied heating Q in our model.

Substituting (13) and (14) into (12) and dropping the over-bars, we get

2 o g (15)

vy + v =il
In above, £l 1g selected.as the time scale, so that o v w/T & fw.

For our purposes of examining numerical results of a limited domain model

avay from the equator where f remain nearly a constant, the selection of £l

8s a time scale is justifiable.
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Relationship (16) states simply that the

rate of the mutual rotation is proportional to the combined kinetic energy
of the two interacting tropical cyclone and inversly proportional to the square

of the separation distance. In addition, the displacement of one storm should

be inversely proportional to its size, because the radius of rotation is in-
versely proportional to the mass npoRzﬂ.

In applying (16) to the numerical results, the mean wind speed within the
radius of the gale force wind (17 m s’l) is used as Va and vB. Excluding data
when the separation distance is smallier than the sum of two radii of the gale
force, rotation rates of binary system at every 6h were compared with (vA + vB)z/
sz for Exps 1,2 and 3 (Fig. 14). It is clear the (16) is a good description
of the results Exp. 1-3. The rotation rates w and quantities (vA + vn)zlfL2
have a correlation coefficient of 0.8l1. Therefore, our numerical results can
to some extent be represented by surprisingly simple relationship (16).

It should be noted, however, that (16) is arrived through several simpli-
fying assumptions. These include approximating the mutual rotatién of two vor-
tex in the atmosphere by using solid body mgphanics and excluding the merging from

consideration. While (16) yields good correlation, it is only an approximation

of the rotation component of the interaction.

e. The Effects of Variation of the Coriolis Parameter

@ . Exps. 4~7 were carried out with variable Coriolis parameter, which can
produce northwestward drifts of tropical cyclones in the northern hemisphere
(Adem, 1956; Anthes and Hoke, 1975; Madala and Piacsek, 1975). The velocity of

® the drift depends on the latitude and the cyclone's circulation. To examine
the free drift of a single tropical eyclone in our model, we carried out Exp. 4.
As shown by trajectory C in Fig. 15, the model tropical cyclone has an initial

@ northward movement, but changes toward the northwest after 36h, similar to the

results of Anthes and Hoke (1975). The 0-72h mean drift velocity is 1,18 m s"l

O N
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1 toward the north. The center at 72h is ~6°

toward the west and 1.37 m s~
to the west and "6.5° to the north of the initial position.

The latitudinal variation of the Coriolis parameter has a pronounced
effect on the trajectories of the two interacting tropical cyclones. The tra-
Jectories of the two tropical cyclones with equal strength in Exp. 5 are
shown in Fig. 15. The two storms merge much faster than Exp. 1 due to the
faster northwest drift of the storm located to the south. At 87h only one
large low pressure center is identifiable, while in Exp. 1, two low pressure
centers still existed at 96h (Fig. 7). Instead of rotating around the +
point in Fig, 8 as in Exp. 1, storm A moves toward the southeast then quickly
turns toward the northeast, while storm B rapidly moves northwestward and ro-
tates cyclonically with respect to storm A. The two storms eventually merge
into one at 87h, with storm B having traveled a much larger distance from its
initial position than storm A. The relative trajectories of A and B with res-
pect to trajectory C (Exp. 4) are computed. The resultant relative trajectories
(not shown) are nearly the same as those in Exp. 1 (Fig. 3), indicating that
the trajectories A and B in Fig. 15 is nearly a linear combination of the trajec-
tories in Fig. 3 and the beta drift.

Exp. 6 is to be compared with Exp. 3, where storm A is weaker than storm B.
The trajectories of the storm centers in Exp. 6 (Fig. 16) again appear very
different from those in Exp. 3. The stronger storm B shows more noticeable
northwest drift than in Exp. 3. The weaker storm A rotates cyclonically toward
the southeast at a much reduced rate and with a smaller radius, apprently due
to the counteracting beta drift.

Most intéresting is Exp. 7, in which storm A is stronger than storm B,

From 24 to 72h, the weaker storm B moves cyclonically relative to storm A,
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In the meantime storm A moves slowly toward the southwest nearly perpendicular

to and awvay from storm B. The trajectories take a strange turn after 72h be-
cause the two storms now are close to the boundaries and start to influence each
other through the east-west boundaries because of the cyclic boundary conditions
there.

The distictively different behavior between Exps. 5-7 can be explained by
examining schematically the vectors of forces upon each storm. We let the
northwest drift be proportional to the storm's intensity and size (Rossby, 1948;
Adem, 1956) and the force due to the interaction be proportional to the combiped
strength of the binary system but inversely proportional to the strength of indi-
vidual storm as discussed in Section 3c. Figure 17 shows the vectors and the
Tesultant directions of movements for storm A at 24h of Exps. 5~7. In Exp. 5
both the beta dgift and intéraction (both the rotation and convergence are counted
for) are strong, the movement of the storm is mostly due south as evident in
Fig. 15. In Exp. 6, the beta drift is weaker but the interaction is the strongest,
the movement is nearly along the vector of the interaction. In Exp. 7, the beta
effect is strong while the.interaction is weak, results in a slow moviement of

the strom away from storm B.

4., SUMMARY

The interactions between two mesoscale cyclonic vortices in the absence
of large scale winds have been investigated with a nondivergent, barotropic model
and a three-dimensional model. Model results indicate that the interactions
between 2 nondivergent barotropic vortex pair are very differenf from those ob-
served between a tropical cyclone pair, and that our three-dimensional simula-

tions agree with the observed Fujiwhara phenomenon.

18
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Two types of vortex pairs with various initial separation distances

have been tested with the nondivergent, barotropic model. No mutual attraction

N BTN G

is found in any of the cases tested. The curvature of the mutually induced ro-
tation depends on the radial profile of swirl winds (or vorticities) of each
vortex, the speed of mutually induced motion is a function of separation — the
closer the two vortices, the faster they move. This is quite understandable,
because in such a nondivergent barotropic model the two vortices can only inter-
act by advection. These numerical experiments suggest that the observed Fuyjiwhara
phenomenon is caused by a more complex mechanism than just vorticity advection.

Our simulations with a three-dimensional model reproduce observed Fujiwhara
effects. The trajectories of simulated strong-strong, weak-weak, and weak-strong
tropical cyclone :pairs on a constant-f plane all comsist of cyclonic rotations
and mutual attractions. Thé rotation rate between two strong tropical cyclones
is generally faster than that between a weak pair. The rate of convergence of
a weak pair is not élower than that between a strong pair.

Additional analyses show that as the tropical cyclone pair start to interact,

there forms a mean circulation about the center .of mass of the two storms as

the pressure there decreases more than can be expected by simple advective merging.
The development of the mean circulation, consisting of a cyclonic tangential flow
and a inward radial flow, resembles the circulation in weak but intensifying trop-
ical disturbances. The kinetic energy of this mean circulation grows by a factor of
four in 72h in one experiment, while the kinetic energy of the circulations asso-
ciated with individual tropical cyclone remains relatively unchanged. It suggests
that the development of a mean circulation on the vertical-radial plane relative
to the center of mass of the interacting storm pairs is crucial in generating
the cyclonic mutual rotation and merging.

A simple analysis points out that the displacement of one tropical

cyclone . interacting with another is proportional to the combined strength of the

19
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vortex pair and inversely proportional to its own size and to the square ;
of fhe separation distance. Our model results fit this description well ex-
cept for cases when interacting storms become highly asymmetric about their
own centers.

The latitudinal variation of the Coriolis parameter (beta effect) has
a large influence on the trajectories of the interacting storm pairs. The
beta effect causes a northwest shift and a faster merging of the two tropical -
cyclones of equal strength. The trajectories of two interacting tropical cyclones -
of equal strength have a northwest drift superposed on the symmetrical tra- 5
jectories found on the constant-f plane. Observation studies showed that o
typhoon pairs sometimes drifted away from each other if there were strong shears -
in large scale flow (Liu and Wang, 1966; Dong and Neumann, 19825. This study =
indicated that differential beta drifts can also cause the two interacting tropical ;
cyclones of different strength to diverge when the one imitially located to ‘the

west is stronger.

»oa
IR
RS -

These findings should not be accepted without caution because of several

»
Ve

limitations of the numerical model. The model domain is perhaps too small for

-~

two tropical cyclones. In addition, the horizontal resolution of %° is only Lt
marginal for resolving realistically the smaller scale dynamics near the center.

Being & uniform grid model, without decreasing the horizontal resolution, the

model domain cannot be expanded due to limited computing resources. The cyclic =
boundary conditions created problems (as evident in Exp. 7) when two storms may )
have interacted with each other through the east-west boundaries. Perhaps the
most serious limitation of our simulation is the heating prescribed a prior in
the three-dimensional simulations, which may have masked the interactions between x
two adjacent tropical cyclones on the scale of cumulus convections. However, the E

development of the mean circulation about the center of mass of the two tropical

20 2
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cyclones occurs at very early stage of the interaction when the separation is

still large. This suggests that the detailed characteristics of cumulus con-

]
Vection in individual storm may not be important in setting up the cyclic ro- ’
tation and mutual attraction. The use of the prescribed heating was justifiable q
except at small separations where the divergent-convergent pattern in each storm h

may be modified due to the proximity of another onme.

In fqture research, a parameterized convective heating should be utilized
to investigate the abovementioned secondary effect of the cumulus convection.
In addition, the parameterized heating may react to large scale winds in a non-
linear fashion. Therefore, the nonlinear effects of the large scale winds on the
interactions of two tropical cyclones also ought to be studied. The question of
what is the maximum separation distance for storm pair to interact is also left
for future studies when numerical models of tropical cyclone cover a larger

domain are comnstructed.
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FIGURES

Figure 1: Surface isobaric analyses at 0000Z on Sept. 15-20, 1964 showing the
rotation and merging of typhoons Kathy (K) and Marie (M). Isobars are plot-
ted every 3 mb. (From Liu and Wang, 1966).

Figure 2: The radial distribution of relative vorticity for type A (solid) and
type B vortex (dashed).

Figure 3: The trajectories of type A (solid lines) and type B (dashed lines)
o vortices at separation distances of 300, 400, 600, and 1000 lkm, The cross *
is the center of the domain. Time interval between two adjacent dots is 12h.

Squares denote the initial vortex centers.

.Fisure 4: The vertical distribution of heating used in the model plotted on A.'.
an arbitrary scale (solid), as compared with (T.-T) for mean hurricane .
® sounding produced by a one-dimensional cloud model (Anthes, 1977, Fig. 4).
Figure 5: The horizontal distribution of heating used in the model plotted -
on an arbitrary scale (solid), as compared with the observed radial dis- o
tribution of rainfall rate in a typhoon (Adler and Rodgers, 1977, Fig.5). -';4
-
o Figure 6: The radial distribution of the quasi-steady wind speeds in model
layer six (G = 0.85) and seven (G = 0.963) generated by the statiomary ]
prescribed heating. .
N
Figure 7: The surface pressure field at 24, 48, 72, 84, and 96h. Contour -
intervals are 4 mb, the outmost closed isobars are 1008 mb. Longtitudes )
) are arbitrarily set.

Figure 8: The trajectories of storm centers in Exp. 1. Numbers on the curve
denote times in hour. .

Figure 9: As in Figure 8, except for Exp. 2.

e Figure 10: The tangential and radial speeds of the two interacting tropical -
cyclones relative to their centers of mass in Exps. 1 and 2.

Figure 11: As in Fig. 8, except for Exp. 3.

Figure 12: The azimuthal mean radial (v.), tangential (v ), and vertical
[ J velocity (w) of the wind fields relatives to the center of mass in 1
Exp. 1 at 24, 48, 72 and 96h. -

Figure 13: The development of the kinetic energy of the "mean” flow (solid)
relative to the center of mass and the kinetic energy of the "eddy" o~
associated with the two storm centers (dashed) in Exp. 1. N

Figure 14: The rotational rates w compared with (v, + VB)Z/sz-




Figure 15: The trajectories of the free drifting storm in Exp. & (Curve C)
and of the two interacting storms in Exp. 5 (Curves a and B).

Figure 16: As in Fig. 15 except for Exps. 6 (solid lines with dots) and 7
(solid lines with squares).

Figure 17: Vectors showing schematically the force .of interaction (I), beta
drift (D), and the resultant movement (M) for tropical cyclones A at

24h of Exps. 5, 6, and 7.
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APPENDIX II
AN AXISYMMETRIC MODEL FOR A NON-HYDROSTATIC
BOUSSINESQ OCEAN
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| ® AN AXISYMMETRIC, NUMERICAL MODEL FOR
, A NON-HYDROSTATIC BOUSSINESQ OCEAN

1. GOVERNING EQUATIONS

o . . . :
The governing equations of the axisymmetric, non-
nydrostatic, Boussinesq ocean model are
o gu . 34, 8u _ vT o . 0 1 3P, -2u-
5t T Vst T Wsr T T BV o SR Kyt
) T
2
+ K. —-70 u (1'1)
3 ’ )
v v 5V 4 . 2 ; .37V
W@ WY . L WYy g [Rtve) s kL Y (1-2)
t ar 32 T H r-‘ - a_a— J
o
3 3 3 1 3 2 3° -
W w W ap , 2 . “w - -
_—F Us— + Woe = - _— + w + K. -3)
3t © YT T iz brgmgr t Ky VW e K = (1-3 ;
o] 9c |
® - 2
b 9b ob 2 . 2 , ab
= + Uz= + We— = NZwW + + K- -
5t © YaT T W5z T W r Ry Vb o+ Kp /3 (1-4,
. a: ~
- :
. - - - RS
where 77 = 2.1 l, other symbols are listed in Appendix A. -
@ 31-2 T or ’
Above, the density anomaly b is defined according to N
N
e - o (2) A X
b =® ———g, (1-57 |
0. Po \
where :r(:) is a reference density and is a function cf
depth only. Brunt-V&isdlld frequenc) N- is defined as
‘ - -
‘ ———— s L]
Manuscript approved September 29, 1982, R
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2. THE MODEL GRID ﬂ
It is determined that a fully staggered grid is most:

expedient for storage economy foragiven spa:gal resolution. ]

As shown in Fig. 1, the radial (u) and the tangential {\) ﬂ

velocities are defined at cross points, vertical velocities

e e -

(w) are defined at open circle points, and the pressures (p)

and density anomalies (b) are defined at blackened dot points.

Eoa a0

This grid system has the following advantages:

a) it saves storage for a given spatial resolution

b) it is very economical in terms of number of
computational operations for the finite
difference (FD) equations of (1-1) to (1-4).

c) it is very easy to specify the boundary
conditions,

d) the pressure diagnostic equation, of the
elliptic type, can be reduced to the standard
form, aﬁ&

e) there is no spatial separation of solutions
on the grid. ‘

In order to consistently index the grid points, we
let index pair (ij) represent the i-th point in the
r-direction and j-th point in the :=-direction. In addition,
m is the maximum number of points inthe r-directicn, and n,
the maximvm number of points in the =z-directicen. hererore

there are m x (n-1) points for radial and tangential

velocities, (m-1- X n pcints for vertical velocities, and
tm-1; X (n-1; points <or mass distributicn ‘b and p
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3. THE FINITE DIFFERENCE EQUATIONS

The leapfrog, or centered-in-time, integration
scheme for the inviscid terms and the forward-in-time
integration scheme for the viscous terms are used. The

scheme is described as

t
(o) [ Leeat) (2
CtrAt Lot 't

e
~""
]
"
V_
+
1o
=2
(o]
N
Q>
t
-~
—
w
)
—
[

=
d
+
(P
o

¥
ot
[}
>
t
(o3
I

@
t

o3
o
(ad

\ b*TAT \pt74t )

-~
Q>
t
-

A second order, or centered-in-space, scheme is applied to

derive the tendencies in (3-1) according to (1-1) ~ (1-4).

(a) The Equation-of Motion in r-direction
t
ou; . 2y
.yt oL 1 p..-p. ) (3-2)
ot ij o (Ar,), ii Ti-13)
o) 271
where

o
i
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The Equation of Motion in :z-direction

W. .
13 Gt

T ii :&A:zﬁj 17 1'-1
t s 1 N N
GlJ 0.25 TT?:T;(uij Ujjop)Ovgmw 15/
. S O Y (WS -wE L)
(Ar,ii*l~ i+1j Ti+1li-1 i+13 Tiic
+ 1 (w +W )(w‘ -W )
iAzl)i-l 13-1 "1 j 1
1 .t N e
* (A:lij(“ij+l+“1jj(“ij+1 “iJ)
- t ..t
= O.D(blj bij'l)
. 1 1 -At -At
+ K {(w: So-w.."")
H) Gary)y|Car,)y,ivdi ij
t ut ’t'it
ﬁ—_’&rq (\\ ; l'lj)
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(A-:Jj [(A.l)1 ii+1 (L_lji_l 1] 13-1 ]
The Thermodvnamic Equation
t t t
3b. . u. . u. .
1) - .o = 1] t i+11 t Rt
=5t - 08 [TK?;T;(bij ®i-15) " @y, Pie13 Py
wt
ij t t ij+l t t
+ -b + -b
Azz)j( ij 11-1) Azz)j+1( ij+1 ITJ
t t é
+ 0.5 (“ij+1 wij) k:

, 1 1 t-At , t-At
* K }(Ar [(Ar )i+1(bi+1j'bij )

t- At t-4t
;O3 bi-lj)]
- 1 L t-AT L t-dt
o [(rl)i+l(Ar7)i+l(bi*lj ij

1 t- At t-at
f TP e Pi Py 11‘”

v ok 1 (pIIAtptiAtL
(Azl)j (Azz)j+1\ 1j+1 “ij

1 R i t-4t
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4. DERIVATION OF THE DIAGNOSTIC EQUATION FOR PRESSURE

The nonhvdrostatic pressure at time t is needed t¢
compute the pressure gradient forces in 3-2) and (3-5.
To "recover" the pressure from the motion fields, we make
use of the continuity equation by dirfferentiating (1-7:

with time we get

9 Ju 9 av

T = + = =0

v
8T t 32 3t

L1

(2}

which can be written in finite difference form for a mass

point ij as

~ t -~ t
| 1 _ [(r e £3 5 RN °uii]
o« oy farp, LS b
2 171 171i+1 1’1

.t t
+ 1 Mijer - E_il = 0 (4-1)
(22175 t st L

1 _ .
(4-2

= 1] - ) .
and 3 ‘-rl)i/{f[‘-rﬂi'”1)1+1](-“r1)i}

Substituting (3-2), (3-5) and (4-2) into (4-1), we have

T NI TN TR T e e TN e e T T e




1 -
DO(Azl)j(Azz)j (pij pl)'l)

After some rearrangements, we get

ay

C. '
1
(a7,);,; li-1i ~ Tar,); Fi-1j

: p - L P. s
(6235 (8z,); "i3-1 Tz ) (87,75, "ii+l

c a
+ 1 - 1 + .1 - = »l P::
(AT5)3,7  (&TH)5 (A:l)j(A:Z)j+l (22705 (L2505 T4l

) t t 1 t 1 t (-
OO[ CiHi+1j v aiHij ( :151. Gij‘rl * L.ﬁ:l). Gij] i

Now let"I-‘ii = RHS of (4-3),

11
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A2 R i s, B Ar RO

CX, = — = (1, - {= T, ]
i STa0 VR1i-l z 141 1-i+2

al 1 ]
X — = (r.) AR = O G
A‘\J. (ar575 SRRt { - i 17i-1

(Arl)i(arz)i} ’

CI; = 1/0(az1)5(822) 4,15

-

T, = and
A_1 n

1/{(az) (825055

BBij 1 i C-j = .&—

[]
[}
(@]
P
[}
pE
e
[]
e

We obtain the standard form of an elliptic equation in FD form

AXjPjpy * AZyjPijq TBByyPy T CXyPiayy t CogPiger T Ty

Equation (4-5) can be solved numerically bv the SEVP solver
(Magala, 1978), providing the boundary conditions are
properly posed.

The conditions for the four boundaries are determined

according to the following assumptions:

‘a, At (rl)i = (r,), = 0, the natural condition £for the

By -
cvlindrical coordinates calls for u = v = 0 = 2y/3¢t = 3v 3¢,
the gradient balance reguires that (3P =r = C Therezcre

3
L]

wn

b ae

an ex:tra column orf ? needed

¢

(4-

3
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b At (T = v, assuming both the heri-ontal
(b) (ryly RS suming both the herizontal
divergence and the veorticity are continuous, i.e., = % e
5 1 5vr ’ .
and = = = .
5T T 37 0. These lead to

“mj * baumlj ’ bbz(rl)mlumlj - (Tp)paup> 25 -
(4-7)
ij = bavmlj * bb[(rl)mlvmlj - (Tl)mzvmzj:

where b, = (rl)ml/(rl)m , and

bb = C(rl)mf(rl)m;(Arl)ml/{(Arl)mZE(rl)ml""(rl)m::}
Note that if bb is set equal to zero, (4-7) describes a

non-divergent and zero-vorticity boundary condition at

r (rl)m. Once ij is determined, a gradient balance at

r = (rljm requires

v .
. —mr N S -
polmj (rl)m + f Larz)m (pmj pm-lj)
or
Vmﬁ
pmj = pm-lj + (Ar,)m m] T?IT— + f (4'81

where a column of dummy points Po i has been introduced for
1

computational purpcse
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. The second part of the RHS of 1-%
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Following the same deduction between (4-1) and (4-3), we get

(5}

an expression similar to (4-5) with the second team on the
LHS and Gil in the RHS absent. Thus, Pil can be obtained
by the same SEVP solver by sétting CZl = 0 and Gil = 0.

(d) At top win=8/at Wi S 0. Following the same line

of reasoning as in (c¢), we obtain Pin bv solving (4-5) with

C.n Pin+l = 0 and Gin<= 0.
In summary, the elliptic pressure diagnostic equa-

tion (4-4) is to be solved with the following boundary

conditions
1) At r = 0 Poj =P i.e., (4-6)
2) At T = (rl)m ij = Pm-lj + function (vmj) (4-8>
33 At - =0 A:l = 0 and Gil = 0
1) At z = (:1)n C:n = 0 and Gin = 0
14
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LIST OF SYMBOLS

an array of constants, varving only in r-direction,
defined by (4-4),used in (4-5)
an array of constants, varving only in z-direction
defined by (4-4), used in (4-5)

an array of constants related to r, and Arl used 1in

1
(4-2) -

an array of constants, used in (4-5)

-
-

density anomalies, defined in (1-5), cm s~
an array of constants, varying only in r-direction,
defined by (4-4),used in (4-5)
an array of constants, varying only in z-direction,
defined by (4-4), used in (4-3)
an array of constants, related to T, and Arl, used

in (4-5)

Coriolis parameter, 51

-9
gravitational acceleration, cm s ~
an index, denoting i-th point in r-direction

an index, denoting j-th point in z-direction

. . . .. 2 -
horizontal diffusion coefficient, cm™ s 1
] -

vertical diffusion coefficient, cm™ s

[ 5%

ieft+t hand side

tn
i
v3
‘2
d
'
f1
[
o
%
)
ct
'
9}
3

the maximum number or grid peint
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m1 m-1

m, m-2

N Brunt-Vdisdlld frequency, s'l

n the maximum number c¢f grid points in z-direction,
upper bound of ]

ny n-1

n, n-2

) pressure, dyne cm” 2

RHS right hand side

r radius, cm

Ty radii of momentum points, cm

T, radii of mass points, cm

ATy distance between two hori:zontally adjacent momentum
points, cm

Ar, distance between two hori:-ontally adjacent mass
points, cm

SEVP stabilized error vector propagation

t time, s

At time interval, s .

u radial velocity, cm s 71

v tangential velocity, cm 571

W vertical velocity, cm 574

ol height from ocean bottem, <m

24 heights of circle points, cnm

: 1
heights o

rh

.

ana

t

cros ¢t points, c¢m
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oy

points, cm
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9

dot points
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. -3
density, g cm
. -5
o a constant density, 1 g cm
e . . . . .
ey a reference density, varving only in c-direction,
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®
APPENDIX A — FORTRAN CODE FOR THE NON—HYDROSTATIC MODEL
A listing of FORTRAN code of the ocean mecdel. The
® major functions of the main program and subroutines are as
follows:
® OCEAN main program, calls all subroutines, manages
job flow, controls input/output.
INIT sets up independent variables, defines con-
® stants
START defines initial conditions
‘ PUTOUT gets various fields ready for output
P l MAP prints
ADVECT computes all inviscous terms, except for the
pressure gradient forces
DIFF computes horizontal and vertical diffusions
L
PRESS solves the pressure diagnostic equations and
computes the pressure gradient forces, appears
only in the hon-hyvdrostatic version
L] \ MATINV inverts matrices
BSM1 Used in SEVP method
BSMZ
\BSM3 "
® FRWRD matches forward
BOUNDV sets outer boundary conditions for momentum B
CHECK checks if the time step is linearly stable. ‘e
. | 8|
"]
:‘;
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b APPENDIX B — FORTRAN CODE FOR THE HYDROSTATIC MODEL
L i
A The hydrostatic version of the model can be obtained
i by simplifying the non-hydrostatic version. In the hvdro-
LY
§
N static version, the equation of motion in :z-direction [1-3,
~
§ is reduced to the hvdrostatic eguaticn '
- (B-1)
b fo) -
~
" Instead of solving the elliptic equation (4-3), the pressure
i p is thus obtainable by vertically integrating (B-1). The
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SUBROUTINE ADVECT
COrPLTE TWE ADVECTIVE TERMS

PARAMETER us21,n8¢1

PARAMETER Mighel,r28Re2,N1aha],h2BNe

COMmON/ONE/VRILP , A1), VTI(M,NL),VZI(™1,N),B1 (M1, N1),VR2(w,NT),

1 VI{M, N ), V221N, N), BE("!;N!) v'ltu.hl)avT)t- LRI

H st("!,l),al("l.N‘)"("l;“l)

CRMMON /TRy (M), R2(™3),DRI(M]),ORI(™),Z1EN),Z2(NL)oD2¢NE),D22(N)
COMPON/THR/RNE  mmBR(NT))BVRIN) (ALPMA,BNDA,BNDB,COPT,E,mk(>],2K(N)
DIMENSTION VE(M, M1),VT(M,NT1)VZCMI,N),B("I,NY)

ECUIVALENCE (VR,VR2),(VT,vT2),(VZ,v12),(8,82)

HOKIZONTAL ACVECTION FOR RADIAL VELOCITY

" 10 Jmi,Nt
0o 1n 182,m

16 VRYIC(IpJ)IDe0, 250 (VR(I,JIeVRITI®},J))0(VR{TI,J)eVR(]e1,J)),CR]1(]e])
1 C(VRITe1,JIOVRIT,J))I(VR(I¢1,J)eVR(],J))/0R (1))

H *VR3I(1,J)

HORIZANTAL ADVECTION FOR TANGENTIAL VELOCITY

cr 20 Jmy,Niy
Nt 20 182,M1
20 VI(1,J)8e0,250t (VR(L,J)eVR(I®1,J) )0 (VT (],J)eVT(l01,J))sC0P1(]el)
SIVR(Te1,J)VRIT,J)IN(VTI(I¢1,J)eVT(1,J))/0R1¢(L))
i ovT3(I,J)

HORI20NTAL ADVECTION FOR VvERTICAL VELOCITY

o 30 Js@,nt
Do 30 1m2,u2
30 V23(14J)800,250((VYR(1,J)evR(],Jo1))8(VZ(I,J)evI(le1,J))0R2¢CL)
1 C(VR(Te1,J)eVR(Te1,Jel))e(VI(Ie1,J)oVI{],J))/0R2(]¢1))
2 *VI3(1,J)
00 40 Jmg,Ni
G0 vI3C12J)800,250 (VR (2,J)0VR(2,J01))e(VI(2,J)eVI(1,J))/DRQ(2)
1 © evI31,J)
0e Su Jmg, Nt
Sg vZ}(nl J)8e0, 250 (YR(™1,J)evR(M],Jet))a(VI(m],l)avl("2,J))/CR2("1)
ovZ!‘*!.J)

HORIZ2ONTAL ADVECTION FOR BUBYANCY

Cf hy JEi,Nt
ce 60 Jm2,m2
6¢ 83(1,J)383(1,J)e0,%0(VR(],J)0(B8(],J)e¥(]e],J))/DRE(])
! CVR(Te5,J)0(B(Tet,))eB (], ))/0R2(]¢1))
Ce 70 JBy.Nt
70 83(1,J)883(1,0)e0,50VR(2,J)0(R(2,J)=BC1,Jd))/DR2(2)
Ce Mo Jmi,Ni
Ag a3 (™1sJIBRI(M1,J)00,SevR(M,J)a(B(M1,J)eB(M2,J))/CRQ(M])

o VERTICAL SCVECTINN FAR RADIAL VELBCITY

0e 90 Jeg,Nn2
pe %y 1s2,m
90 VASCI JIBVRI(1,J)002%0((V2(1o19oJ)eVI(T,J))0(VR(T,J)aVR(],Je1))
1 /0220J)e(vI(L,de1)evI(let,Jel))e(VR(I,Jel)evR(],J))
/nT2(Je1))
A 95 I3, M
SE vEI(1,1)8VRI(I,1)00e€%0(V(L,2)evI(lel,2))n(VR(L,2)0VR(],1))
1 /0%2¢€2)
. P 9p 182,
Se VEI(I/NIIBVRI(T,01)0C,2%0 (v seisNE)oVZ L NI)IolvE(T,ntvevRIT,N2))
g /N22(N1)

VERTICAL ACVECTIMN FAR TANGENTIAL VELACITY
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ae
Se
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47
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70
718
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SUARBUTINE ByuTeL T
PARAMETER wmE2,ra4]

DR it i Dl il ayng @A SVl areic el i seis Jaeis ioes seee s
.. P ST A

St

PARAMETER Migke],r2Bke2, Niahe],N2ONe)
CDM'QNIQNE/vnl(b.kl):VTl(“.Nl),Vll(‘I'h)'el('1'\1).V|2("a*lJl

VI2(M 1) VZ2(M1,N),B2(%L,N1),VR3(N,NL),

2 VIZ3CME,0)03( 1, N1),PCu1,Ny)

COMMON/Tua /B (1), R (™
CAWMON/THR /RHA pr@R (N
COMMEN/FAR/PEL T, XTINE

Te1§ SUBROUTINE SRINT OUY FIELDS FOR 4 QUICKr LOOK

CIMENSTAN Jnyugs,n)

13e0R1IME),0RZ(M), 21 (N),22CN1) 021 (N1),DZ2(N)
l)O!VZ(N).‘L.ﬁ‘.ENDAQGNUFQCU.lOG'-U(“).z‘t")

sITIME,ISTER, 1Sue, ITAPE, TRY

TiwEsla132112900

VI3(v,N1),

FARRAT(/7774% vADTAL VELOCITY (C%/8) 4T Toi,lp,! n')
FORMAY(//7/7,' TANGENTIBL VELOCITY (C"/8) AT Tot,lg,t ke)
FORMAV(//7/7/00 VERTICAL VELMCITY (C*/S) AT Te',16,' w')
FRPRAT(///741 ELEVANCY FIELD (9,001) 4T V81,26,t mi)
FARMAY(//7/74' FHESALRE (210 DYNE/Cvee2) AT TI%Es',lo,! »1)

FARMATCIR,/777,3CX0 0000000000

1 Fa,2,! Day 1STEP

8',17,! b0sstote000eet)

UAYSXTIVE J964n0,e(,00C1
PRINT 720,]TI%E,Dav,ISTEP

0% 10 Jaj,nt

D0 190 tmi,n

10U (1,J)avR2(1,J}
PRINT 700,171%¢

CALL PAP(INDUM,RY,22,"
cN 20 Jet,n!

D0 20 l®y,«
10u™ct,d)evr(l,d)
POINT 70S,17]1"F

CALL "aP(Inve Ry ,22,"
c* 3 JB1,N

rP® 3u §m1,m1

I20% (L, M) ev22(1,J0)
BFINT 710,171ve

CALL “aP(INUM,52,21,~
TRA0 Jui,0

t* 4y 181,m1

eN1)

AAR]

1,%)

ICuU™ (L, J)aR3(l,J)0),b2

PAINT T1&,1T3%E

caLt -‘P([nhu,n;,za,r
0% Sv JEy,n

o® 50 Imi,n9
ICL(1,J)8PLY,])01 En
PEINTY 12S,1TInE

CALL ™aP(INLM,RE,22,~
WRE TURN

Erg

1,M1)

1,%1)

SUTPUT AT TIME LS CY R

0QVi000
000200¢
0003000
0004000
oguseoo
0006000
0007000
oguaatoe
opcecol
0010000
ooii000
0012090
001300¢C
0014000
00tS500¢
00lelo?0
0017000
0018000
00318000
00¢0000

-00£)00¢

0062000
00£300¢
00¢atyc
00£S00¢C
0ogecoc
00<r0048
0022000
np2engo

0030000

oudi000
o0lz000
003300¢
0034000
o0isago
0036000
003700¢
6c3s000
063900¢C
vodgooc
oouicno
oougeoc
0043000
Do4uoot
0045000
0046000
npu?r00e
1048000
pouscoe
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tds
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14e
1S»
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17
180
19¢

CARD [naGE PILE ETITe0(L[PER) e VERSIAN 0% 20

70
8¢

20

30

SURMOBLTINE “aP(a,h,ls"%NN)
PARAMETE X w821 ,n3¢1
DImENSIAN R(u%) 2(nN)
INTESER & (™,%),16(%),12(N)
Fo%"AT(1rS,7x,2%]8)

FIR™at (1m8,4,3x,3i51%)
MPgRING (S, )

OF 10 18 ,uP
19¢1)ON ()0t Eoer,}

o 20 Jut an
T1L(J)3L(J) et Eucog,!
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g §1a NCAR(Je1,2)80.. noy1oge
52 00 223 Jis1,mP; 0032000
> $3s RCaN(Jot ,2)18RCAR (Jels@)*RTILOACIL)IeRINV(JL,4J,08) 8093000 :
- §as 223 CcraTINUE 0054000 :
’ €S» IF(NB,EQ,1) 6" 1P 2% 002%090 ‘
See DY 22% Je2,“rt $0%6000 ‘
§7e RCON(J,1)m0,0 0037000 l
g8 0N 229 *32,%P1 00398000 -
$9e RCON(J,1)BRCAR (Y, 1) SACOR(N,2)?QINV](Ke],ju] ,NRet) 0099000 |
e0n 223 contINgE 0000000 ¢
sle e 226 ls2,%ot 0061000 |
‘< ede XCLoI8(NB))NX(], IS (NI))ORCAR(T, 1) 0062000 !
" e3s 226 CONTIMUE 0003046 !
W 0de 251 CAnTINUE 0084u00C l
* L L CALL 38"3(x,18¢C R),TE(NE)) 60085900
i sos  §22 CINTIMUE 0000000
o 87 23¢ corTINUE 00870400 -
N o8e J1aLE(NE oy 0068C00 |
- a9 ne 226 1s2,%e 0009000 |
™ 70 x(feJlet)(F(l,i1)edx()ax(lal,dl)edY (Sl ex(],l1el)e 0070000 i
N Tie 188 ¢, d1)ex (I, l1)e(X(I)eF(lel,d1))/CY(J12 0071000 !
. 72+ 220 ConTINGE 507200¢C |
. 73« &3¢ COINTINLE 2973020
T8¢ 200 CwTINUE 007a02¢
i 75 C? 300 NBtal,%dLn 00?8000
N 760 NPRgNBLK eNBlel c07ecoC -
. 77 1SPislS(NG) ey 0077000 T
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. 40
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CARD ImaGt FILE ECITOR(CIFEY) ee VEPSION C5,29 DN4TERIG/2e/8Q TiuEslupiz112899

see MEMuBER BEMp

78 1EnEalE(NR)Yw Gor800¢C
79 JmgEmg 067900¢
80s IFINBLEC ,NBLK) (A TE S92 008000C
81 or 30% Ix2,%Py 00&1000C
e2e XCIoJo1IBCF (L, )R ()X (Tl ,J)eaY(J)ex(]l,Jei)eBB(3,J)s 008200¢
83 12(]oJd)eCx(1)ex(1e1,4))/Cv(J) 0003000
80 308 CONTINUE 00084000
85 502 CONTINUE ooesooc
[X1] DY 982 Ivs1,10 00ee000
87+ IF (NB,EC,NBLK) 60O TO 147 0087000
28 J1slENE) ey 0088000
89, 0 315 ls2,%Pt 0089000
909 RTILOA(Jel)BX(],J101)e(F(],Ji)aaX(]l)aX(lol,J])adY(J)e 6090000
Sl» 1XC1oJ1e])eBB(1,J1)0eX(],J1)elX(l)aX(Jel,J1))/CY(J1) 00v1000
§2s  31% CANTINUE 0092000
(31} Gt TO 318 00%3000
Qdse 317 CONTINUE 0094000
9% on 319 la2,*pi 0095000
(11} RTILLVA(Jet)BF (], NFel)a(AX(])eX(lm] , NPol)eAY(NPel)oX (]l ,NPe2)e 00%p000
97 188 (1 ,MPet)eX (I ,MFal)eCal])eX (101, ,NPey)) 0097000
98s 319 CONTINUE 00%8000C
99a 312 CONTINUE 0099000
100 A230,0 0100009
1012 0B 310 Imy,mp2 01vl000
108 AQuwA2eDABS(RTILLA(! 3) 010200¢
103« 316 CONTINUE 0103000
104 AZBAQ/78UNF (NE) 0108000
105 IF(A3LLE,ERROR) GO& T8 300 0108000
106 Do 320 Jst,3 0106000
107 on 320 Ist,%r 0107000
1080 RCAAR(L,J)80,9 0108000
109 320 CONTINUE 0108000
110e 0f 32¢ Jai,mp2 0110000
itle RCOR(Jel,2)00,0 0111000
11an DO 328 Jiwy,uP? ¢i112000
113» RCAR(Jo1,2)8RCON(J*1,2)PRTILDA(JIL)#RINY(JL,J,NB) 0113000
110 324 CONTINUE 0114000
115 IF(NBL,EG,1) GN Th SSI 0115000
116s on 329 Js2,%pt 0116000
117 RCAR(J,1)80,9 0117000
1180 0e 32% Ks2,%P) ) 011800¢
1199 RCAR(I, 1)BREYR(J,1) SRCOR (X ,2)eRINV](Ke],Jo1,NRay) 0119000
120e 328 CconiInyE 0140000
121 00 3a¢ la2,%p) 91¢1000
122¢ x(lol§(NB))ll(I.IS(*E))Oicaﬁ(XoX) 0142000
123 326 CONTINUE . 01£3000
124e &%) CONTINUE 01€4000
1252 CALL BSPIX,18(r8),L1E(NR)) 012%000
1260 $S2 CANTINUE 0126000
127« 300 CONTIMUE 0127000
128 Jislkt1) 0128000
129 0t 330 Is2,”P1 0129000
1300 RTILDA(Let)ox (1, J1e1)e(F(],J1)edX()eX(lmt,J1)edv(J])e 0130000
131 1X(Trdlel)eRB (], y)08(],J1) aCXCIIeX(Tol,t13)7CY( ) 6131600
132e 330 CONTINUE 0132000
133 AZa0,0 . 0133000
13de ce 53¢ lsi,%p2 . 0134000
13Se A2RAReDABS(RYILL S (1)) 0135000
136 332 CONTINUE 0136000
137. A3mA2/8UPF (L) 01370900
1384 IF(A3.LE ERRAR) Ge T¢ 201 0138000
139 NSTARTR? 0139000
140» 19Q CONTINLE 0140000
K 1ule 201 CnTINYE 014100¢C
' 162a 0 350 Je2,"Pt r142000
T1ule X{C1oJ)IB{l0ma2 )02 (1,J)4A210(X(2,J)eF21(J)) 014360C
] ludse 1M, J)8(1,%A2r e (%B ,J)ea2us (X (YPay, )eF2%(])) e1uu00c
1uSe I8¢ ConTINLE 0148000
. luge ©or% 3ot lm2,vey ptuécocC
h 1a7e xlls1)m{t 0 ntt)ex (Ll l)eaga(X(s,2)eF11(])) Qrev00cC
o 148 T(oNFIBLL Nuhtr JaX(l,nPleatne(X (], Bey)eFIN(])) 014800C
. 1uGe oy CPnTINGE 0148C0C
- 150 oh 3T Je2,net 01%60¢e
b 181 RB(2,J)8BR(Z, 1)eAd(E)eag! e1v10c”
3 1629 ElarJd)8F (2,0 002 (F)0b g1 (Y042 cy1seiol
o 183 AR (“Pey ,J)IBRR (mia],J)elX(MPe])adpx c1e3C¢s
(. |
]
¢
41
a




AD-A137 421 TROPICRL HERTHER SYSTEM AND OCEAN HODELING(U) SCIENCE
APPLICATIONS INC MCLEAN YA S CHANG 1983 SAI-83-1155
Nepe14-82-C-23286

UNCLASSIFIED

F/G 472




9t

.
et Bt

BNy

[

k"

PR

e

e

¥
i

v ey

o ""1'3“ s \ e .1'\7‘_3-\" -

o T e N e Wt Tt e T TR TR e TR T TS T T T T T T e e e T e

-

g TG

I
2

o

I

FeEFEEEE

EFEE
EEE

L]

»

. ]

EF

13

(13
o

l

Il
T
=
g
= I

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS-1963-A

il

Tt
I

"l A"

v

A

v
e et
-

A ”"

. AN
DI

-l a2t A

i

-
s
[l
Py 'y

4 .

LN ') -.'.'.

e tals
[RLSE Y wlala

P
l t

o s a A e Ao A m 8% Ko A A W W]



k)
;
7 CARD ImaGt PILE EOITOR(CIFEM) == VERSIAM 08,29 DATE®10/26/82 TIvEsi183123129
A
¥ eee mEmEEP B3*2
. 184 FuPel,J)af(MPa),J)oCT(MPat)eFRn(])eadw
v 159 371 COnTINUE
.. 150 09 372 1ls2,"9?
o 157 38(1,2,080(1,2)wAV (200411
. 188e FCLo2)8F(1,2)08v(3)0F11(])0A11
2 1S a8 (L,NPe1)aRA (] ,NPel)aCY (NPl )adiN
1402 F(:-h!-\)l’(x.up.n)oCV(no.g)-rg~(x)-A:n
M el 372 COnTINUE
(VY 1] RETURN
143e END
n
5
%]
K
X
%
b 4
O
Q
F | .
A
#
;
;
5
d
¢
;
N
M
L
’{)
0
N 42
1
]
‘ ALY Sy * et . y e, 7 - " LI TR VR Wt N Fa T T
i."!.; ." . \ ..( . ' o‘f N ‘*-...' "y 'v-.‘-..' y 'o'..!.:.'.- o St PO ‘.. .'v'\ v Sy .!' S e e

v - 3 M A CALORE
+ 3o b Y KA o4 14w LR AL AL AL C AL AEAN Sl AN CAS AN UM NLANUSIEEEECINIUSE UL Wl e A

01%4000
0195900
03196000
0197000
01980600
0199000
0100000
c101000
0t1ed0od
0183000




2% PAacie WA A I DA L AL A AU AL/ M A N AR Al AR AR R R A A A A N A R A R R ST et

CARD ImAGE FILE ECITOP(CIFEw) oo VERSICr 05,29 DATEsiu/26s82 TImEelds12112100
see MEMUES HEmY
1s SUBHOUTINE 9813 (X,I8S,1E¢) 00031000
. 2 PARARETER us2i,M8il Gouacoo
® 3a PARAMETER NELFE2,ABLE1BNBLKel 00u3o00
4 PARARETER mPgrey ,APBNe| IITITY
¢ Se PARARETER NP ianse) ,mPRgNBe, NP IENP oL ,MP20NPa 00US000
2 (1) QEALa® ACAR,RINV 6 INVL AT DA 0006000
i Te DINENS I x(»rP,rP) 00U7000
"j 8 CONMONIEVP/RINY (FBQ, 4P NALK ), RINY | (MPQ, 0P, Bk |),RCIR(»P, ), 0gue00c
S ! RYILLAINPR) P (MP,NP) ,NASTZ2(NBLN) , IS INBLR) ,SLRF (NOLK), 00V9000
J 10e 2 TEANRLE)pF Y1 (MR ), FANLMP) ,F2LINP) FININP) AR (P ),V (NP), 0010000
3 tie 3 AP(PE AP ) o CU(NP),CY (NP) 0011000
12e £ 139 1s2,%pi o012¢00
13e 2{1,198¢1)8x(1,18801)0nCO00(],2) 001300¢
18s 135 CONTINUE : 0016000¢
15» 1301818801 0015000
160 JEm2n]lECe? 0016000
17« CM 140 JalsPy,lEve Q017040
109 or 14% 182,%ri 0010000
18 REON(L,3)u(eaX(])oACOR(Ta1,2)ea¥(J)sRCOR(],1)agB(1,J)s 0019000
20 1RCON(1,2)eCX(1)eRCOR(T01,2))/CY () 00¢0000
e 148 ChuiINGE 00€1000
L] FI N p* 150 le2,mpy 0022000
?\, 23 X(IsJ*1)8X(1,J01)eRCENCL,3) 0043000
i 280 HECOR(I,1)amCOM(],3) 0020090
Ny FI acH"(1,2)aRC00(3,3) 0045000
3 20 199 CONTINUE 0040000
, 27s 180 CONTINUE 0047000
3 20 RETURN 0040000
b 2% gMD oo2e000
b; .
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CARD 1maGL PILE EOITOMICIFEM) oo VERGIOR 05,20 DATEe10/20/82

CePPLIT QCEAMI,Q0URC,PAINT,SES

W

OGN,

1e
2
b 1
as
L
(1]
Te
| I
Se
10e
1l
12
13e
t6e
19e

non

AN

AN OO0 ONOG NAON

aOn ann

AN o=

PRAGRAR OCEAN

PARAMETER wEQ1i,nad)

BARANETER MigMey,Pd00ed,NiaNe] Nlane]

PARMULTER NOg2omenjenieng

CInENSTON DATAL(NC),DATARIND) DATATING)

COMRARJONE/VRT (P h 1o VTIEM,NE) 01 (W1, N ), VRZ(®,01),
VIQEu NE Yo T, NE) VRSN, NE),VTI(N,NL),
B, N1)pP ML, N1 ), VT, N)

EOUIVALENCE (DATAYL,VBY),(DATAZ,VA2),(CaTAY,VAY)

0878 DATAY/NDNg,/,08T82/NN00,/,04Y43/0000,/

CONmEN Tult /Ry Cu),B2(%1),00y("1),0R2(m),21(N),22(N3)sC2T1¢N1),D22(N)
CONRPN TR RNA , RndRINT ) oOVIIND (ALPWA ,BND8,BNDB,CONT (G, mu(m),IK(N)

CONnOn POR /DELT, XT2%E,ITI7E,ISTEP,10M0,1T4PE, TRY
CALL INDump

snemal(la)
agav(S,100)172mg
REa0(3,000)17ER
fCaL(d,100)J0UT
READ(S,100)28M0
197LP9
NEAD(3,100)1T7A0¢

cal INY .
IP(ITInE 2Q.0)60 YO 10

CONTINUED INTEGRATION PRO™ 4 WISTERY Tasg

ACa0C1)ITINE,DATAL,0ATA2,°
¢ 18 30

cal wramy
argegigrisgesens,

PRIAT BLY INITIAL PIELDY
CoLL PyToUT

triTinge 0)sTOP
DO S¢ 18TEPEy, IR

Tin€asagie132130

0001000
0002000
(I1p111]
0004090
0003000
0006000
00UY090
0008000
0009000
0010000
[123Y 711}
0012000
0013000
0014000
001350060
0014000
OOI?OI:

0
0041000
0022000
0023000
s0da0e0
00435000
00d0000
0047000
0028090

.
egiT00¢C

COPOyTE nYQRGSITATIC PREIGURE AND CTAGNESE VERTICAL vc:ailnoc

caLL uP .
Coamwmy 7 ALL IwvISCID TEA®Y
CoLL apvEcY
Cersytt visCOus TEAmY
caLL O1Ff

SARCHING 1u Tiwe
FIAST TInE STEP 18 FOfuanDd IF STARY I8 CaLLED

SPCISTEP £Q0 14000, 1TIPE20,0)0CL T80, 9°0LLY
cagh Paump
1P CL878P ,20,1,400,TI7C.£0,0)00L783,000L7

DEPINE QOUNDARY VALUES PR VELECETY
e L SeundY

CrECn IF OELT 18 3TAQLE
CaLL Lmtee
ATIVERATIngepEL Y
jrigentIvg/ 006,

PRIAT OLT PESULTS LVERY OyuT STEPY
1P (PE0(I87CP, 10 7) G, 0)CALL PUTOUY

RRITE »I1STORY TaME EVERY ITAPT 3TCPS
TP ("e0(ISTEP,ITaPE) LG, 02 TR(2)ITINE,DaTAL,DAAR,’
(LI LT 4

sre®
e

MG NG AT SO R G Y, 1 0 S T 5, Sl S A K RIS

oedoeee
0041000
00ég090
0903000
0044e090
0993000
0040000
LT
(T I T
0049000
00%0080
0091000
0932000
0093000
0054000
0995000
0edelee

.

0073000
0870000
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@ CARD Imagt FILE

ese -;i.l' InlY

1e

20

‘ 1
! [ 1
‘. Se
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%

10e

1le

| i
t3e

o 18
! 19
| 194
17e

| 10
| 19¢
20e

aie

HY

*

" . 28
29

26

a7

Ve

2%

30

3;'

32e

® 330
ETH

3%

Joe

37

30

39

40

ale

‘l [t 1]
a3e

.0

49

[ 1]

ale

ale

a9%e

$0e

® S1s
Sde

$3»

Sae

| 13
| $6e
§7e

30

°

'.V el
(33

‘ ol
; (3 1
| (1 1]

1 1]
obe
! 7o
14
" 00
70
T1e
1 1
' 73
. T4
78e
b L L]
170

e 760

OAOAOON

OO0 ann

(o Xl a N o]

aon

oanon

EOTTER(CIFEN) we VERSION 05,29 DATES10/24/82

16¢
190

TInEs1a814132130

SUPPBUTINE  INIT
PARAMETER wB21,Mh821

sAnAntTER NigMey,r28Ne),NiaNe],N20Ns2

IVRLE a1 ) pVTICM,NE),B1(ME,N1),VARL",NL),

VIR, h 1) oBR( 1 ,N1), VRSN, NL),VTIIN,NL),
B3("1,N8)pPtN1,NL), VLR, V)

COMMON ) THO ML (N),B2C(PS),DRY (M) ) ORI, T1CN),22CNE),021(N8),022(N)
CONNON/THR RNE b nQRINT) e BVIIN) (AL PNA ,BNDA,BNDR,CORT 6 4Mu (M) 42K (N)
CONNON/ PO /OELY , XTENE, TTIVE, JSTEP, TONO, ITAPE, TV

INITIALIZE ALL DEPENDENT VARIADLES AND CONGTANTS

COnnghs0nE
1

ALPra 18 THE NONDIMENSIONAL SNOOTHING COEF,
POR TINE INSBTMING In SUDRBUTINE FRNAD

3
CONINA,07,2732008e8IN(LATe3,10199/100,)
DEPINE RADIZ AT GRID PEINTS AND ALL GNID INTERVALS

09 10 1eg,m
OR1(l)ede .3

08 20 teg,n
RICIISRE(Sal)eobhl(]~1)
06 3o isg,m
R2(1)00,50(R1(I)eR(I01))
DR2(1)82,0(P2({1)eb (1))
DRIUINIS, n(R|(n)aBQ(N1))
08 40 Is3,mi
DRICIISNI(TIeR2(2e1)
wAXSNEXMAG(ONT)
ORnAXSOP g (NAY)

DEFINE ALL 028

00 100 Jsi,V~
ll(Ji'(:.l)'lO..!!

pI1tJIsd1tdo1)e1(d)
023¢1)02,0¢0,50C21(33221(1))
22¢1)80,50022¢1)

08 120 Je2,Ny .
D128J)86,901D21(J)eD28tJe1))
22(J)822(Jel)e022(J)

022tNInd 2 (21(N)e2](Ne1)e0,50021(NY))

A AND O ARE CONSTANT UBED IN SUBROLTINE BauNDV
Fan CONSTANY DIv, AnD voRrT, CONDITIONS

anpABNi(P1)/R1 ()
BNOBSIRT (N1 )eRt (M) )ODRIL1)/ LRI (ML) oRY (NI IR (N)aDRCYD))

DEFINE CENSITY RELATED CongTants

0o 130 Juy,N
(L ICILIN &)

8O 133 Jest,n
TOVEAPAXIC(TAV,BV2(Yd))
T TOVE] ,/EGRT(TY)

CeFInE FART2ANTAL AND VERTICAL DIPFPLEION COEPFIENTYS

CUEPN80,0029001 (1)00d/0ELY

COEP280,0010028(1)002/0EL"

02 140 Jo3,™1

n(1)ACAEPna(] oS aEXP (oP L BAT(N102)/7,))

08 1350 Jmi,Ny

IX(JINCOEFTn() 05,0 ErPCaF 04T (Jul)/5,)eCAP(aF BT (NIa])/S,)))

0001000
0002000
0003000
0004000
00035000
0000000
6007000
0008000
0009000
0010000
0011090
ost2000
0013000
oo0le00C
0013000
00le000
0017800
0018000
0019000
0020000
0041000
0022000
00e30¢0
0028000
0025000
0026000
00d7e00
0040000
0020000

J0090
1000
2000

)3000

Jes0go

13000

boo0o

17000

1111

0939000
°.ﬁ"..
0Qét0gQ0
ook2ee0
0043000
(T1ITTT]
009300¢
00de00e
ceévoee
0098000
0049000
0050000
0091090
0032000
0093000
00%40¢0
0093000
0099000
0097000

0078000
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"y CARD Imagt PILE EOITOR(CIFE®) oo VERSION 05,29 0ATER10/24/83 Tiw€aiag14332130
3
o sve NENUER JTART
b gnot
- 1 SUBRAUTING STARY 0001090
ae PARANETER wBQt,A0518 0002000 o
1Y 3e PARANETER MigNe),»uNe),NiaNe| ,NJoNe? 0003000
o de CAmUBN/ONE/VAT(P R L) o VT (Y, N1, R LM, ML), VRI(O,NE), 0004000
=Y §e 1 V'atn.~:)alat't.ul).v'!t-.ui)onSt-,ul)o 0003000
) be 2 B3I 1,01)sP(NE,NL), VDN, N) 0000000
3 Te CRMMON /TRl )R () B ("1) 0N (M), 0NQ(M),ZICN),22CN1))C22¢(N1),D22(N) 00070g0
R 9 CONMON/ Tul pRu0, L8R INT) BVIINY ,ALPKHA ,BNDA,BNDB,CONE,G, M (w),2N(N) 0008000
. % SARANLTER NDgdererter)ghy 0009000
10e DINENDTION DATAI(NC) DATA2(ING) 0910090
tie geuxvagzncg (DaTa1,YR1),(DATA2,VR2) 0011000
12w ¢ 0012000 g ]
! 130 ¢ INZTIALIZE %Al PIELDS FPOR A THMEBRETICAL @ING (Y38 111]
X 180 € (TIXIIT)
: 19e 11481 00135000
’) joe 112913 0030000
A% 17 21011201 (T38L1T]
k) 10s [3gent 0018000
5 " 1% ”abne 0002 ooi®ogo
20 0% 10 19211,212 0040000 :
N 16 B1CI,NLI80MAGECEO(PLOAT (Tel11)/8,03,10139)eG/RN0 0021000 -
20 00 30 19121.]22 0ec2toe !
\ 23 30 931, 71)088(112,81)083P (el 0AT(T0]2101)/8,) 00d300¢
‘\ 00 09 8¢ JB,nQ 00d80¢0
Wb a9 'tc'-tl'('LOA?cJounxli ) 0023000
& 200 00 €0 Imy,m 0026000 ‘
3, a7 ay lltloJ)llltl Ni)eFACY 0ed700¢ |
# 20 ¢ 0028800 !
2% ¢ PHESSURE 1S SOTAINED WYOROSTATICALLY FROF QUEYANCY 0029000 |
300 ¢ s0leeee 'Y
J1e C* S0 leg,m eelise0 1
xY 320 Sq $(1,1)000. 8eRNEe022(1)081 (1) 0032000 |
33 00 68 Js3, Nt
) 3 of 00 lsg,m
z gz- c 00 P(1,J)9P(1,J01)ed, 5000 00022(J)e(R1(1,J)001(2,J"1))
: ]
g:- c TANGENTIAL VELOCITY 1S 47 GRADIENT SALANGE
e C
. 39 D® 70 Jsg,Nt -
& M pe 78 182,mt
o ate PEFS(P(],J)00(Tel,J))/7(MMAedR2(I))
A ade RA08(0,50CONTaR1 (1)) 0001 (])e0CF
e a3s Jdsd
B ate 11sl
'y s - 1P (AR LT, 0,068 T8 100 ) 00ds000
: [T 79 v11iled)nee,5¢CONT2R1(1)eSQRT (AAD) ¢edeoq0
eta ¢ sodreq0
) ade ¢ SET DATAQEOATAL FOR _EAPPROG 0 edgoee -
W % ¢ 00804090
o S0e 00 08 1wy, ,N0 0950¢¢¢
oy, Sle 09 DATA(I)SDATAI(]) 0051000
wf e CALL ¥ALNDV 0092000
1.:3 $3e LLIR ) 181,00 g6%)0¢0
=4 L b 9¢ DATAILL)EOATAR(]) 00%e000
) 9% ACTURN 0093000
- S6s 109 PRINT (19,11,J4,08F,Rep 0% 000
. $Te 119 sOR™AT( IAO[CAL IN SUPRGUTINE START 13 NEGATIVE 4T (3,J)0',313, 0037000 -
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COMRONJONE /VRI (P, A1), VTI (N, NY),BL(mE,M1),VR2(%, M),
; VIRCHN,N1) BRI, N1), VRIIN,NT),VTIIM,N1),

BICML, 1) 0P (ML, ,NL),VIZ(NE,M)
CAMNON/TuA R (), 62("1),00 (M) 0R2(®),28(N),22(N1),yDTL(N1),D22(N)
CORMON/ TuR/AME , RUER(NT)BVRIN)  ALPKA ,BNDA,BNDB,CORT )G, hu (™) ,2K(N)
COMMON/FAR/OELT ,XTI"E, T TINE, ISTEP, ISNE, ITAPE, TBY

TIvEmia13e1321)0

Tr1s SUBROUTINE PRINT OLT PIELDS POR A QLICx (BOK

DIMENIION JOUM(N,N)

FORNAT(/77/7,' @ADTAL VELOCITY (CH/8) AT To'yle,' »*)

FORMAT (/777,10 SANGENTIAL VELBCITY (C”/8) AT T8!,10,! w1}

FORMAT (/77,0 VERTICAL VELOCITY (C¥/8) AT Te*,lq,! Mt)
FORMAT (/7774 BUCYANCY FIELD (0,001) AT Te',1p,' »*)

PORNAT (7777, PREBSUAE (010 DYNE/CHue2) 4T TINER', 18, #?)
OLYPUT AT TIWE wi,lg,1 ™ o,

PORRAY (1M1 ,7//77,2CKs ' tocesosese
ISTEP o',17,!

t Foeds! Davy
DAVEXT I s86400,¢0,00¢1
PRINY 720,1TINE,DaY,I87EP
08 10 Juy,nt

00 10 lsi,n
I0UnCI,J)avR2(1,J)

PRINT 00,1TI%E

CALL "AP(IDUM,R1,22,%yN))
00 20 Jsi,NI

0t 20 3wy,
10UNLI,J)8vT2(L,d)

PRINT 70S5,ITINE

CALL “AP(IDUM,RY,23,M)N1)
08 30 Jey,n

00 30 g®1,m
10u"(1,J)8v2(1,J)

BRINT 21¢,ITInE

CALL "aP(IDUM,RE,21¢71,N)
0N 89 JB1,nt

00 80 (=], my

ICYnCL,J)882(¢ ,J)01,E3
PRINT T1%,1T1I%¢C

CALL ™aP(IDUN,R2,22,%1,N1)
c® %0 J®y,N!

00 50 lst,mi
10UN(L1,J)0P(],J)0t Eot
PRINT 72%,171%E

CALL "aP(IDLM,RZ,22,"1,NY)
RETURN
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00u2000
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000400p¢C
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covsool
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0045000
0020000
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0028000
TYLITT]
0030000
0031000
(T3IT1]
0033000
003aeg0
003s000
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" CARD IMAGE FILE ECITAR(CIFL™) oe VESSION 05,29 CATEm10/2e/8Q TIvEstag1e 32186
‘_-:;\-' enm MLupgu w,p
."..‘. 1e SLERWTINE “AP (B R 2s"eaNN) agutoQo
2 CakAMETER wEB21,08¢1 0002000
) 3» CINENSTION R{uM), Z(NN} 0003000 {
Xz ae INTEGER & (%,N), 16 (%), [2(N) 0gue000 |
| Se 70 FRTAT(1wS,7X,2518) 0005600
"ot ' B¢ PARMAT(1vS,14,33,2919) 000000
4! Te wPgHLAg (38, v) 00v7090
Nk eo nP 10 Ja1,me 9003000
\&) 10 I0(¢1 )8R (1) el Eabel,! R 19Ue000¢
L. 10a 08 20 JEE,NN 0010000
11e 20 12(J)82(J) el Eugec,! 0013000
. 12e pRINY 70 0012000
AN 13 PRINT 70,(IR(]),181,%P) 013000
PN 10 RINT 70 0018000
i, 19 00 30 JJui,NN 0018000
A 160 JonNetedy 0018000
M 170 30 PRINT €0,12CJ),(AC1,J),181,"P) 0017000
-?,'--, 10e AL TURN 0918080
w 19¢ (41] 0019000
g
AN
e
20
A

o
&

"

SO '
l AR SEAVA
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